Ferroelastic domains in barium sodium niobate (Ba2NaNb5015) have been studied by X-ray Lang and white-beam synchrotron-radiation topography. In Lang topographs contrast was observed from domain walls and the domains themselves, the latter being due to anomalous dispersion. Most ferroelastic domain boundaries lay on (110) or (li0) planes. The contrast from the ferroelastic domain walls suggests that displacements exist within the walls, probably due to walls zig-zagging between { 110} planes. As the temperature was raised, significant changes occurred in the domain configuration, and a single-domain state was formed at 559 K, well below the orthorhombic-to-tetragonal phase transition at 573 K. No evidence for an incommensurate phase or an associated domain structure could be found in the samples studied.
Introduction
Barium sodium niobate (BSN) is a member of a large class of mixed oxide systems with a tungsten-bronze crystal structure (Giess, Scott, Burns, O'Kane & Segm/iller, 1969) . It has attracted attention through the application of its outstanding piezoelectric, electrooptic and nonlinear optical properties, the coefficients of which are phase matchable and three times those of LiNbO3 and LiIO3 (Singh, Draegert & Gensic, 1970) . Below 858 K BSN is ferroelectric while at 573 K a ferroelastic phase transition occurs so that ferroelectric and ferroelastic properties coexist at room temperature. At room temperature BSN is orthorhombic (point group mm2), becoming tetragonal (point group 4mm) above 573 K. The tetragonal-to-orthorhombic transition involves a small shearing of the tetragonal unit cell in the ab plane. This shearing, about 6' arc at room temper-*Permanent address: Institute of Solid State Physics, University of Nanjing, Nanjing, China.
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Between the orthorhombic and tetragonal phases, an incommensurate phase has been reported following X-ray (Schneck & Denoyer, 1981) , neutron (Schneck, Tol6dano, Joffrin, Aubree, Joukoff & Gabelotaud, 1982) and electron microscopy investigations (Manolikas, 1981; Pan, Hu, Yao & Feng, 1985) . X-ray topographic studies of commensurate and incommensurate structures have been made on synthetic quartz (Gouhara, Li & Kato, 1983b) , [N(CH3)4]2ZnCI4 (Ribet, Gits-Leon, Lefaucheux & Robert, 1986 ) and synthetic berlinite (AIPO4) (Zarka, Capeile, Philippot & Jumas, 1986) . The aim of the present investigation was to observe the ferroelastic domains in BSN and study their evolution in the incommensurate phase.
Experimental technique
The single crystal used for these studies was grown by the Czochralski technique at the Shanghai Institute of Ceramics. A plate was cut normal to the c axis and mechanically polished to approximately 160 lain in thickness. The remaining surface damage was removed by chemical polishing in an aqueous mixture of KOH and NaOH. Room-temperature topographs were taken with a Lang camera on a rotating-anode generator. High-temperature experiments were performed on the white-radiation camera (Bowen, Clark, Davies, Nicholson, Roberts, Sherwood & Tanner, 1982) at station 7.6 of the Synchrotron Radiation Source (SRS) at Daresbury Laboratory, Warrington, England. During the experiments the SRS was running at 2 GeV with currents between 150 and 250 mA. Exposure times on Ilford L4 Nuclear Emulsions were between 30 and 50 s.
The furnace used was that designed for hightemperature in situ deformation studies of III-V compounds. It is cylindrical with coiled heating elements arranged axially around the specimen space. X-ray windows are of Kapton. Two thermocouples were used to measure the temperature close to the top and bottom of the specimen. They were deliberately not attached to the specimen in order not to strain the sample, as this would have distorted the ferroelastic domain structure and also possibly propagated a large crack present near the core of the as-grown crystal. The sample was mounted at one end by insertion of a small part into a silicon glass grip. A temperature gradient of 2 K mm-1 was present at the highest temperatures used and, due to the lack of thermal contact, the recorded temperature was 14 K above the specimen at 573 K. Corrected temperatures, determined by off-line calibration on a dummy specimen with two thermocouples, are quoted in this paper. Temperature variations over the exposure times used were less than 1 K. In the 0,12,0 reflection shown in Fig. 1 , we can distinguish between contrast arising from domains and domain boundaries. Large-area domains, for example A and B, reveal a difference in intensity diffracted from the body of the domain. Domain A appears grey, while domain B is white. In noncentrosymmetric structures domains can be made visible by anomalous dispersion contrast. Such contrast was first reported in BaTiO 3 by Niizeki & Hasegawa (1964) . In the present experiments, where Mo K~ 1 radiation was used, the anomalousdispersion term in the scattering factor of the Nb atoms is large. We attribute the overall area contrast from the domains as arising from the differing absolute values of the structure factors in the two ferroelastic domains due to anomalous dispersion. Some domains, for example at D, show very intense non-uniform area contrast which we attribute to the presence of a domain boundary which does not lie in the (110) or (1T0) twinning planes. In region D there exists an almost in-plane boundary separating different ferroelastic domains in the upper and lower regions of the crystal plate. All domains show intense contrast at the domain boundaries, and the small lamellar domains C show only this type of contrast. While dynamical diffraction contrast would be expected at a coherent twinning boundary, the intense contrast, which is always an intensity enhancement, suggests that a shear strain exists at the wall itself. Wall contrast disappears or becomes extremely weak in hh0-type reflections where the diffraction plane contains the domain boundary. This is well illustrated from the synchrotron-radiation topographs shown in Fig. 2. Fig. 2(a) shows the central part of the crystal containing the same domain configuration as shown in Fig. 1 . Domain walls H, whose traces are parallel to [110] , are invisible in Fig. 2(b) where the diffraction vector is [110-1. Similarly, walls labelled G with traces in the [110] direction disappear in Fig. 2(c) where the diffraction vector is [ 150] . Thus the contrast variation is consistent with that expected from a coherent twinning boundary on the {110} planes where no misorientation or distortion occurs in planes parallel to the twin plane. Any additional displacements present within the boundary necessary to explain the strong direct images on the Lang topographs ( Fig. 1 ) must therefore lie in the boundary plane. Such a displacement corresponds to that of atoms in a boundary which does not lie in a single {110} plane but has a zig-zag structure. Such a quasi-continuous shifting of the twinning plane (Fig. 3) by single lattice translation units enables the boundary apparently to deviate by a small amount from the { 110} plane. This is necessary to create the V-shaped domains (for example at C in Fig. 1 ) and the lamellar domains which end in the crystal. It should be noted that the strong direct-image contrast will arise predominantly from the long-range strain field associated with the kinks. The residual contrast, seen at some boundaries when the diffraction vector is normal to the wall, will result from the small components of displacement in the long-range strain field not parallel to the wall displacement vector u (Fig. 3) .
Results

Room-temperature ferroelastic domain configuration
Some strong contrast boundaries, for example those associated with domain A in Fig. 1 , do not appear to be associated with a V-shaped domain. These do not disappear completely in the reflection where the g vector lies perpendicular to the wall trace. We suggest here that the wall deviates from the { 110} planes as it passes through the crystal. Although the projection lies along (110), the wall is non-planar and thus exhibits strong direct contrast. There are several contrast differences between the synchrotron and Lang topographs worthy of comment. The first is the absence of the anomalous-dispersion contrast as evident by comparison of the region around P in Figs. 1 and 2(a). In Fig. 2(a) the dominant reflection operating is the 0,1--2,0 at 0.51 A. This is very far from the Nb absorption edge, and the bulk contrast between domains is therefore absent. The area contrast associated with region D is still visible, supporting our assertion that this corresponds to a ferroelastic domain wall which does not lie on a coherent twinning plane.
Secondly. we note that the contrast of the circular growth striations is very much stronger in the whitesynchrotron-radiation topograph than in the Lang topograph. This is a feature noted in the pioneering days of synchrotron-radiation topography by Hart (1975) but never satisfactorily explained. It is believed to result from the presence of significant harmonics in the reflection, the higher-order reflections being much more sensitive to lattice distortion than the low-order reflections. This, together with the complexity of the domain structure introduced by interaction with the defects associated with constitutional supercooling at the crystal core, makes interpretation of the central region of the synchrotron topographs rather difficult.
Evolution of ferroelastic domain structure with temperature
Cycling of the sample between room temperature and 653 K resulted in the formation of a much simpler ferroelastic domain structure at room temperature. This was probably due to relief of some of the locked-in elastic strain associated with the large crack present at the centre of the crystal and which was observed to have propagated after thermal cycling. The domainwall orientation directions are unchanged, although the wall density is reduced. We note that the specimen has a much larger volume fraction of one domain type than the other. No significant changes in domain configuration were observed on heating from room temperature (Fig. 4a ) up to about 473 K. By 503 K (Fig. 4b ) significant changes do occur; the length of the lamellar domains X is reduced. Other lamellar domains increase in length, for example those arrowed at Y. The reorganization of domain boundaries is likely to arise in order to minimize the differential strains occurring as the temperature and the temperature gradient down the length of the crystal both increase. When the temperature is raised to 530 K the volume of domains enclosed by the lamellar domains 
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has become very small indeed ( Fig. 4c ) and the upper part of the crystal contains no domain boundaries. The contrast associated with the boundary has fallen, partly, we think, due to a reduction in the displacements in the boundaries as the widths of the lamellae shrink and the deviation from the {110} planes is reduced. Additionally, as the temperature rises, so the value of (b-a)/a falls, giving weaker dynamical contrast associated with the twin boundary itself. Between 503 and 530 K no changes in the domain configuration in the lower part of the crystal were observed. At 559 K (Fig. 4d) the whole crystal was a single domain. The driving force to remove the ferroelastic domain boundaries was probably the strain gradient associated with the thermal gradient down the sample.
No further changes in the topographic contrast were observed up to 653 K, except for a gradual increase in the strength of the contrast from the growth striations and supercooling defects.
The orthorhombic-to-tetragonal phase transition
As no evidence of domains in the incommensurate phase was found in the X-ray topographs, and, indeed, the crystal was always in the single-domain state when it crossed the phase boundary, we recorded transmission and reflection Laue photographs with very high resolution from small regions of the crystal following the procedure developed by Gouhara, Li & Kato (1983a) . Three pinholes were used, the 300 pm size and position of the beams on the crystal being shown in the topograph of Fig. 5(a) . No satellite spots expected to be associated with the incommensurate phase were found anywhere between 523 and 561 K. From room temperature to 564 K, the pattern is characteristic of the orthorhombic structure. Fig. 5b illustrates the pattern at 564 K, where the crystal was single domain. At 581 K (Fig. 5c ) the pattern changed significantly. A strict structural analysis is complicated by the presence of harmonics in each Laue spot. However, comparison with the intensity data of Abell, Harris & Cockayne (1973) gives convincing evidence that the new phase is tetragonal. In particular the 150 reflection (indexed relative to the conventional orthorhombic axes) which is strong in the orthorhombic phase becomes weak in the tetragonal phase. The 350 reflection is weak in the orthorhombic state and becomes stronger in the tetragonal phase.
Discussion and concluding remarks
The ferroelastic domain structure observed here is well described by the model of regions with a and b axes of opposite orientation. Most of the boundaries lie along the {110} planes on which the lattices are coherent in the two domains. Examples of non-planar boundaries were found originally, but these did not reappear on cycling through the orthorhombic-to-tetragonal phase transition. Direct-image contrast at the boundaries can be interpreted as elemental steps in the twin plane whereby the wall can deviate slightly from the {110} planes, thus permitting the formation of Vshaped lamellar domains. We note that such elemental steps have been observed directly by high-resolution electron microscopy at phase boundaries in Nd203 (Boulesteix, Yangui, Ben Salem, Manolikas & Amelinckx, 1986 nucleated by lattice defects and their existence is presumably to minimize total free energy by minimizing the elastic strain. The failure to observe the appearance of the incommensurate phase first suggested by Jamieson, Abrahams & Bernstein (1969) and confirmed by several groups subsequently is surprising. Some exposure times were made extremely long (typically l h) and the main spots thoroughly over exposed in order to allow for the possibility of the satellite intensities being extremely low. Nevertheless we can only conclude that, in this particular specimen, the incommensurate phase does not develop. Zarka et al. (1986) noted that satellite reflections from imperfect crystals were weak, suggesting a correlation between crystal perfection and the appearance of the incommensurate phase. Further investigation of specimens cut from other crystals of varying perfection is required to establish whether lattice perfection has any effect on the appearance of the incommensurate phase in BSN. The formation of a single-domain state prior to the orthorhombic-to-tetragonal phase transition is not regarded as a precursor effect. Rather, as in studies of BaTiO3 (Bordas, Glazer & Hauser, 1975) , the existence of temperature gradients will lead to significant lattice strains being set up as the transition is approached. Domain walls move to minimize the elastic energy. In a furnace with lower thermal gradients we would expect to retain a domain structure very much closer to the transition. The presence of the high thermal gradient may also be the cause of the inhibition of the incommensurate phase transition. The incommensurate phase is also ferroelastic and energy minimization may have left the commensurate phase preferred.
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